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Introduction
The Evans-Tishchenko reaction 1 has proved to be a highly successful method for coupling aliphatic aldehydes with complex, multifunctional -hydroxy ketones and enones to generate 1,3-anti diol monoesters in excellent yield and diastereoselectivity. It has played a pivotal role in the synthesis of many natural products, 2 and has also been used for the mild oxidation of aldehydes to carboxylic acids. 3 The presence of heteroaryl ester moieties in a range of complex natural products such as the oxazole esters found in the tubulin-disrupting disorazoles 4 and theonezolide A, 5 and the thiazole esters found in the potent actin-disrupting lyngbyabellins and hectochlorins, 6 suggests that a heteroaryl
Evans-Tishchenko reaction might provide a powerful new method for the selective introduction of a range of heteroaryl esters for use in the synthesis of analogues of these intruiging natural products ( Figure 1 ). Indeed, in pursuit of a novel synthetic route towards heteroaryl analogues of the disorazoles, 7 we identified the development of a heteroaryl Evans-Tishchenko reaction as a key step. Evans and Hoveyda first demonstrated the high-yielding coupling of aliphatic aldehydes to -hydroxy ketones in the presence of a samarium catalyst in 1990. 1 The active catalytic species is presumed to be a samarium(III) pinacol adduct [(RCHO) 2 prevailed. This is both due to the relative ease of formation of the samarium diiodide based reagent and the rapid reaction times which it embues (typically 20 min -1 h). However, there are potential drawbacks with the use of samarium diiodide in the presence of heteroaryl aldehydes. Fang has reported a complex mixture of pinacol-coupled, carbonyl-coupled and trimeric products when 3-thiophene-carboxaldehyde was treated with samarium diiodide. 11 Furthermore, when 2-thiophenecarboxaldehyde was treated with samarium diiodide, the pinacol-coupled adduct was not observed at all. 11a However, Raimondi has demonstrated that upon the addition of Ti(O i Pr) 4 the 2-thiophenecarboxaldehyde pinacol adduct may be recovered in trace amounts. 12 In contrast, the corresponding 2-furancarboxaldehyde undergoes pinacol coupling in moderate yield when treated with samarium diiodide. 12 This precedent led us to conclude that it would be necessary to pursue both an in situ catalyst generation route, using the heteroaryl aldehyde, and also Sm(III) pinacol catalyst formation using benzaldehyde or a similar sacrificial aldehyde.
Scheme 1.
Evans-Tishchenko coupling, using a Sm(III) catalyst [L 2 SmI•SmI 3 ] 2 generated either i. insitu from the heteroaryl aldehyde (HetCHO), or ii. pre-formed using benzaldehyde.
The -hydroxy ketone 3 was chosen for this study due to its ready preparation from commercially available starting materials on multigram scale via an aldol reaction (dr syn:anti >95:5). 13 Evans has determined that a range of relative ,-stereochemistries may be used in the Evans-Tishchenko reaction. 1 However, the inclusion of an -chiral centre, and in particular one with a syn stereo- 14 Furthermore, when the catalytic loading was reduced to 2 mol% on a multigram scale for 4-pyridinecarboxaldehyde, the yield of 4a and diastereoselectivity were not compromised. Although 2-pyridinecarboxaldehyde ( Table 1 , entry 5) coupled to produce 4c as the sole isolable product, it was only in a very poor yield. These results were mirrored by those generated through pre-formation of the pinacol adduct catalyst using benzaldehyde ( In an attempt to reduce formation of the unwanted byproducts alongside esters 4d-g, we investigated the use of low temperature Evans-Tishchenko conditions. The aldehyde 2-furan carboxaldehyde was subjected to Evans-Tishchenko conditions using 30 mol% Sm(III) at reduced temperatures (15°C, 40°C and 78°C) for 1 h. At these low temperatures we found that turnover of the samarium catalyst was sluggish, but stoichiometric yields of product with respect to catalytic loading could be obtained and crucially no byproduct formation was observed. In the presence of one equivalent of the Sm(III) species the desired anti-diol monoester 4d was obtained in high yield (>95%) and with excellent diastereoselectivity (>95:5). Furthermore, these conditions proved to be robust across a range of additional functionalities on the furan or thiophene ring ( Table 2, Monitoring the formation of products 4d-g over time at room temperature, led us to conclude that byproduct formation did not result from product decomposition. Analysis of the spectroscopic data suggested that at temperatures greater than 15°C a secondary pathway competes with the desired Evans-Tishchenko coupling, namely a retro-aldol aldol-Tishchenko (RAAT) coupling (Scheme 2).
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This is probably due to the comparatively slow reaction rate of electron-rich heteroaryl aldehydes in the Evans-Tishchenko reaction by comparison with their electron-poor counterparts. 16 The samarium enolate formed in competition undergoes an aldol addition with the excess heteroaryl aldehyde to give the thermodynamically favoured anti aldol diastereomer, 17 followed by Evans-Tishchenko coupling with either the displaced isobutyraldehyde, or an additional equivalent of the heteroaryl aldehyde, to
give RAAT products 5 and 6 respectively. The aldol-Tishchenko reaction has been extensively studied, 17 and recent interest has focused on the development of direct asymmetric aldol-Tishchenko reactions. 18 Whilst a limited number of heteroaryl aldehydes have been used in previous studies in conjunction with propiophenone derivatives or acyl silanes, 18c,d the reaction of heteroaryl aldehydes with aliphatic ketones such as 3-pentanone has not previously been reported. Thus we developed a simple protocol for the synthesis of aldol-Tishchenko adducts from 3-pentanone and the heteroaryl aldehyde using a Sm(III) catalyst generated in situ (Table 3) ; adducts 6 were obtained as a single diastereomer.
Entry

19
In conclusion, we have demonstrated that Evans-Tishchenko coupling is successful in the presence of electron-poor heteroaryl aldehydes at room temperature with low catalyst loadings, and also with electron-rich heteroaryl aldehydes at low temperature, albeit it requiring a stoichiometric loading of the Sm(III) catalyst. We believe that with the continued emergence of new PKS-NRPS hybrid natural products, 20 and the unrivalled potential of natural product frameworks as drug leads, 21 that this heteroaryl variant of the Evans-Tishchenko reaction will find use in the synthesis of hybrid analogues.
Indeed, its application to the synthesis of analogues of the tubulin-disruptor disorazole C 1 is currently under investigation in our laboratories.
Experimental Section
Method A: Heteroaryl aldehyde (4.00 mmol) was added to samarium diiodide (10.0 mL, 0.100 mmol, 0.010 M in THF) at room temperature and the resultant yellow solution was stirred for 30 min. The β-hydroxy ketone 3 (0.158 g, 1.00 mmol) was added and the reaction mixture was stirred for 1 h. The reaction was quenched with potassium sodium tartrate (50 mL, sat. aq.), extracted with DCM (3 x 20 mL), washed with brine (50 mL), dried (MgSO 4 ) and concentrated under reduced pressure. The residue was purified by column chromatography and HPLC.
Method D: Benzaldehyde (0.202 mL, 2.00 mmol) was added to samarium diiodide (2.00 mmol) in THF (10 mL) at room temperature and the resultant yellow solution was stirred for 30 min. The reaction mixture was cooled to 15 °C and heteroaryl aldehyde (4.00 mmol) was added, followed by β-hydroxy ketone 3 (0.158 g, 1.00 mmol) and the reaction mixture was stirred for 1 h. The reaction was quenched with potassium sodium tartrate (50 mL, sat. aq.), extracted with DCM (3 x 20 mL), washed with brine (50 mL), dried (MgSO 4 ) and concentrated under reduced pressure. The residue was purified by column chromatography and HPLC. 
